ABSTRACT The cuticle is the first barrier against bacterial trans-shell penetration. To evaluate the cuticle quality among different colored eggshells, an efficient and reliable method is proposed in this paper on the basis of the opacity theory. It is shown that the Spearman's rank correlation coefficients between the proposed opacity method and the reported reflectance and ΔE * ab methods are all more than 0.90 in measuring the cuticle deposition for the same breed eggs, indicating that the result measured by the opacity method is credible. In addition, the validity of opacity method is also verified by the Escherichia coli penetration experiments performed on the eggs of Dwarf Layer (tinted-shelled), Hy-Line Brown (brown-shelled), and White Leghorn (white-shelled) birds. Results show that the Dwarf Layer eggs, with the thickest cuticle deposition, have the lowest bacterial penetration ratio than the eggs of the other 2 investigated breeds. We found that eggshell thickness is another important factor influencing bacterial penetration apart from the cuticle. Therefore, enhancing cuticle deposition and eggshell thickness would significantly improve the eggs' antibacterial efficiency. It is found that the antibacterial efficiency will reach as high as 98% in such a case where the cuticle opacity is over 27.5% and the eggshell is thicker than 340 μm. No significant difference was found in pore density between the penetrated and non-penetrated eggs. Moreover, according to the data for 3 regions of the penetrated eggs, we found that the sharp end shows the highest proportion of bacterial contamination compared with the blunt end and equator. The cuticle quality at equator shows a strong positive correlation between the blunt and sharp end (r 2 = 0.8 and 0.7, respectively, P < 0.05). The cuticle at the equator can be selected as an indicator for cuticle breeding to improve the cuticle quality at the blunt and sharp end simultaneously. These results are of significance for the improvement of egg quality and safety in modern commercial breeding. 
* ab methods are all more than 0.90 in measuring the cuticle deposition for the same breed eggs, indicating that the result measured by the opacity method is credible. In addition, the validity of opacity method is also verified by the Escherichia coli penetration experiments performed on the eggs of Dwarf Layer (tinted-shelled), Hy-Line Brown (brown-shelled), and White Leghorn (white-shelled) birds. Results show that the Dwarf Layer eggs, with the thickest cuticle deposition, have the lowest bacterial penetration ratio than the eggs of the other 2 investigated breeds. We found that eggshell thickness is another important factor influencing bacterial penetration apart from the cuticle. Therefore, enhancing cuticle deposition and eggshell thickness would significantly improve the eggs' antibacterial efficiency. It is found that the antibacterial efficiency will reach as high as 98% in such a case where the cuticle opacity is over 27.5% and the eggshell is thicker than 340 μm. No significant difference was found in pore density between the penetrated and non-penetrated eggs. Moreover, according to the data for 3 regions of the penetrated eggs, we found that the sharp end shows the highest proportion of bacterial contamination compared with the blunt end and equator. The cuticle quality at equator shows a strong positive correlation between the blunt and sharp end (r 2 = 0.8 and 0.7, respectively, P < 0.05). The cuticle at the equator can be selected as an indicator for cuticle breeding to improve the cuticle quality at the blunt and sharp end simultaneously. These results are of significance for the improvement of egg quality and safety in modern commercial breeding.
INTRODUCTION
Egg and egg products are popular with the public as a source of inexpensive and excellent animal protein, and the demand for eggs is increasing. Over the next 4 decades, the world's population is forecast to increase by 25%. The numbers of poultry are rapidly increasing in developing countries like India and China to meet increasing consumer demand (Bain et al., 2016) . However, eggs are also commonly associated with food-poisoning outbreaks due to their contamination with pathogenic bacteria (i.e., Salmonella Enteritidis, Bacillus cereus, and Escherichia coli) (Gole et al., 2014; Muñoz et al., 2015; Kulshreshtha et al., 2018) . Egg washing can reduce the microbial load on the eggshell surface, and thus may lower the rate of bacteria penetration across the eggshell and decrease the incidence of foodborne C 2018 Poultry Science Association Inc. Received May 7, 2018 . Accepted July 19, 2018 Corresponding author: jxzheng@cau.edu.cn illness (Gole et al., 2014) . Egg washing is required routine practice in the United States, Australia, and Japan (Hutchison et al., 2004) . Unwashed table eggs are common in the European Union, as Regulation (EC) No 589/2008 (CEC, 2008 . The hens may be immunized with vaccines, such as Salmonella Enteritidis, E. coli, and Bacillus cereus instead of egg washing. China is the top egg-producing country in the world; however, most of the eggs at the market are unwashed in the market and are more likely to be contaminated with bacteria (Zhang et al., 2017) . Therefore, it is quite important to improve the eggs' antibacterial properties in China.
The cuticle is a natural defense preventing microbial penetration across the eggshell, and eggs with thicker cuticle have a lower penetration rate by bacteria (Bain et al., 2013; D'Alba et al., 2014) . The cuticle, an invisible layer on the outside of avian eggshell, is deposited in the shell gland pouch (uterus) within the final hour before oviposition (Board and Halls, 1973; Wilson et al., 2017) . Some researchers have concluded that the antibacterial activity of cuticle is due to the 940 antibacterial proteins (i.e., C-type lysozyme, ovotransferrin, and ovocalyxin-32) contained in the cuticle layer, while Wellman-Labadie et al. (2008) and D'Alba et al. (2014) proposed that the hydrophobic nanostructure of the cuticle might contribute to the antimicrobial defense system.
The quality of the cuticle can be estimated by a staining method developed by Board and Halls (1973) . It has been reported that MST cuticle blue stain is a reliable indicator of the amount of cuticle present on an eggshell (Samiullah and Roberts, 2013) . Leleu et al. (2011) and Bain et al. (2013) improved the staining method to evaluate the quality of the cuticle in more detail. However, neither of these methods can be used to evaluate the cuticle of eggshells with different colors. Moreover, a method based on attenuated total reflection Fourier transform infrared spectrometry has been applied for analyzing the chemical composition of the cuticle (Rodriguez-Navarro et al., 2013) . Additionally, scanning electron microscope (SEM) (Roberts and Chousalkar, 2013) and an X-ray spectroscopy (Kusuda et al., 2011) have been used to observe the microstructure and morphology of the cuticle. However, the latter 3 methods are expensive and inconvenient for commercial production. In some countries, such as China, many native breeds produce various colors of eggs. It is necessary to improve the MST staining method to evaluate the cuticle with any egg color because it is effective and economic.
Some published reports suggest a relationship between eggshell quality and bacterial eggshell penetration. Pores, which allow gas and water exchange, are considered to be a pathway for bacterial penetration (Sparks and Board, 1984) , whereas Williams et al. (1968) reported that gas pores did not significantly affect the bacterial penetration. And there are differences of opinion regarding whether eggshell thickness is a factor that influences bacteria trans-shell penetration (Sauter and Petersen, 1974; De Reu et al., 2006) . A clear understanding of these factors which influence bacterial penetration would be helpful for safe production of egg products.
In this study, we first utilized opacity to improve the staining method to evaluate the quality of cuticle of different colored eggshells. Escherichia coli experiments on the eggs of brown-shelled, white-shelled, and tintedshelled breeds are conducted to test the reliability of our new method. Based on the research data, we suggest thresholds of eggshell traits to achieve the ideal antibacterial effect in breeding selection.
MATERIALS AND METHODS

Ethics Statement
All of the experimental procedures were conducted in accordance with the Guidelines for Experimental Animals established by the Animal Care and Use Committee of China Agricultural University.
Experiment 1
Eggs. A total of 120 eggs of Rhode Island Red (brown-shelled), White Leghorn (white-shelled), and Dwarf Layer (tinted-shelled) were collected from the National Center of Performance Testing of Poultry (Beijing, China). The hens of Rhode Island Red and White Leghorn were at the age of 20 wk, and the hens of Dwarf Layer were at the 45 wk.
Theory and Formulae. The theory of opacity was used to quantify cuticle deposition among different colored eggshells. The opacity of an object is the extent to which an underlying object of interest may be seen through the object studied, and the extent to which it will obscure the background when covered with another object. It is usually defined by its alpha (α) channel with a value between 0 and 1. If the value of α is 0, the pixel is fully transparent, suggesting that the original color of the eggshell is visible. Conversely, if the opacity is 1, the pixel is totally opaque, implying that the color of the dye is completely seen (Hamburg, 2002) .
The cuticle quality of eggshells was evaluated according to the difference in cuticle opacity before and after staining, and a high α value denoted a high staining affinity, implying more cuticle coverage. The opacity of cuticle was calculated by the formulae presented in equations 1-7.
XYZ color space is converted into RGB color space by the formulas above, and then converted into opacity. The RGB color model is an additive color model in which red (R), green (G), and blue (B) light are added together in various ways to reproduce a broad array of colors. For CIE XYZ model, Y is luminance, Z is quasi-equal to blue stimulation, and X is a mix (a linear combination) of cone response curves, where α is the opacity, the subscripts a and b indicate values for eggs after and before staining with cuticle blue, respectively, and d indicates values for the dye solution of cuticle blue.
Validation of the Opacity Method at the Same Colored Eggshell. The opacity method is validated on eggs of 1 color using two reported reflectance (Bain et al., 2013) and ΔE * ab (Leley et al. 2011 ) methods simultaneously.
First, L, a, b, X, Y, and Z values of the eggshells were obtained using a spectrophotometer (CM-2600d; Konica Minolta, Japan) at 2 different color space systems (Lab and XYZ) separately, and the percent reflectance spectrum of the eggs was measured at the same points using an ISP-REF integrated sphere spectrophotometer (Ocean Optics, Inc.). Subsequently, the eggs were immersed in a dye solution of MST cuticle blue (MS Technologies Ltd, UK) for 1 min, rinsed in clean water to remove excess stain, and placed on a plastic flat to be dried for 24 h. Finally, the percent reflectance spectrum, L, a, b, X, Y, and Z values of the eggshell post-staining were measured using the procedure described above.
The opacity of the cuticle was calculated using the formulas from equations 1 to 7, and the ΔE * ab value was determined using equation 8. This uses the L * a * b * color space, measuring the degree of lightness, L * , and the chromaticity coordinates, a * and b * (Leleu et al., 2011) . The difference in the percent of reflectance at the optimum wavelength indicated the quality of the shell cuticle. The difference in the percent reflectance between pre-and post-staining at the optimal wavelength was measured to provide an estimate of the cuticle deposition. The greatest difference in reflectance before and after staining was the optimal wavelength.
Validation of the Opacity Method Among Different Colored Eggshells. The thickness of cuticle layer was measured by SEM to verify the opacity method among different colored eggshells.
SEM (S-3400 N, Hitachi, Japan) measurements were carried out on 8 eggs of Rhode Island Red, White Leghorn, and Dwarf Layer, respectively. And the cuticle opacity of all these eggs has been evaluated. Three eggshell pieces of each egg were taken around the equators. The thickness of cuticle layer of each eggs was evaluated by mean of 3 pieces. Then eggshell pieces were mounted on an aluminum stub and golden-sputter coated using an EIKO IB-3 (EIKO Engineering CO., Ltd, Japan) for about 15 min. Thereafter, they were viewed and photographed under the SEM at 15 kV.
Experiment 2
Eggs. Eggs from 3 hen flocks, Hy-Line Brown (brown-shelled), White Leghorn (white-shelled), and Dwarf Layer (tinted-shelled), were collected from the Experimental Unit of China Agricultural University (Zhuozhou, China) with no history of E. coli contamination, and all hens were at the age of 36 wk. A total of 297 Hy-Line Brown, 114 White Leghorn, and 120 Dwarf Layer eggs were collected. Eggs were visually inspected by candling and only intact eggs (no cracks, pin holes) were included for further inoculation. All eggs were collected within 24 h of lay and tested within 48 h.
Bacterial Inoculation. The bacterial penetration assay was conducted according to the method described by Bain et al. (2013) , in which the cuticle quality and E. coli inoculation were tested on different eggs produced by same hens. We modified this protocol and did 2 tests on 1 egg to try to make the results more precisely. In our pre-experiment, we found that the value of cuticle opacity measured after E. coli inoculation was significantly higher than the value of opacity without E. coli inoculation for white-shelled eggs (24.23% vs 22.83%, P < 0.05). Therefore, to make the results more precise, the E. coli assay and cuticle quality measurements were performed on 2 different sides of the same egg. The egg was divided into 2 parts by a line that was drawn along the long axis of the egg that marked one as the E side and the other as the S side. The E side was for E. coli inoculation and S side was stained with MST.
Strains of E. coli, which contain the plasmid pGLO (Bio-Rad Laboratories), were grown in lysogeny broth overnight with shaking at 37
• C. The lysogeny broth used in this study contained 100 μg mL −1 ampicillin Na and 5 mM L-arabinose (Sigma-Aldrich, Shanghai, China). The cultures were inoculated at a dilution of 1:50 in fresh lysogeny broth and shaken at 37
• C. The cultures were plated into an ice bath when the broth had grown to OD 600 of approximately 0.4.
Eggs were softly swabbed with ethanol and placed in a clean sterile plastic sealed egg box for sterile incubation for 2 h at 37
• C before inoculation. Then the E sides of eggs were immersed in chilled broth for inoculation for 10 min in the ice bath. Subsequently, the inoculated eggs were placed on a super clean bench that has been sterilized in advance to dry the culture on the eggshell surface for about 15 min. Finally, eggs were transferred individually into new sterile plastic bags and incubated for 24 h at 37
• C. All eggs were removed from the incubator and placed on a sterile clean bench at room temperature for 2 h. Egg contents were then drained through a hole of approximately 1 cm 2 . The egg was cut into 2 halves along the long axis with a rotary tool (Dremel, S-B Power Tool Company, Chicago). The inner surface of the eggshell was examined under a long-wave UV light (LUYOR-1144A, American). If there were luminescent spots, the egg was invaded by E. coli. The number of E. coli in the egg was determined by the number of luminescent spots on the inner surface. All eggs were scored according to the number of luminescent spots on the inner eggshell surface. E. coli − , E. coli + , E. coli ++ , E. coli +++ represent 0, 1 to 3, 4 to 10, and more than 10 luminescent spots on the inner eggshell surface, respectively.
Assessment of Cuticle Deposition. The quality of cuticle on the S sides of the shell was evaluated by the proposed opacity method. Each egg was measured at 3 points: the blunt end, equator, and sharp end, and the cuticle quality of each egg was determined by the mean of the 3 points.
First, X, Y, and Z values of the S side of the eggshell were obtained using a spectrophotometer (CM-2600d; Konica Minolta, Japan) and the XYZ color space systems, Subsequently, the eggs were immersed in a dye solution of MST cuticle blue (MS Technologies Ltd, UK) for 1 min, rinsed in clean water to remove excess stain, and placed on a plastic flat to be dried for 24 h. Finally, X, Y, and Z values of the eggshell post-staining were measured using the procedure described before.
Experiment 3
Measurement of Eggshell Thickness and Pore Density. The eggshell thickness and effective pore density (per cm 2 ) were measured in autoclaved eggshells from experiment 2. Each egg was measured at 3 points: the blunt end, equator, and sharp end, and the eggshell thickness and pore density of each egg were determined by the mean of the 3 points. Eggshell thickness was determined using a digital display micrometer gauge (Mitutoyo, Kawasaki, Japan).
The effective pore density counting method used in this study was as described by Ar and Rahn (1985) . Eggshell fragments were boiled in 1% KOH about 4 min to remove the eggshell membrane fibers and the cuticle of the eggshell. Subsequently, the eggshells were rinsed in clean water for 1 min, and the eggshell fragments were immersed in 75% ethanol for 2 min, followed by immersion of the fragments into 1% HCl for 30 s to enlarge the eggshell pores. Finally, the eggshell fragments were rinsed in clean water for 1 min and placed on a clean table for drying. The inner surface of the shell was painted with methylene blue at a concentration of 0.2% (Solarbio, Beijing, China). The number of blue dots on the out eggshell was counted in 0.25 cm 2 of fragments once the dye was completely dry.
Statistical Analysis
All statistical analyses were conducted with the statistical software RStudio (version 3.4.0) and all the figures were plotted using Origin 2018. Basic descriptive statistics and 1-way ANOVA were used to analyze eggshell thickness, pore density, and cuticle quality of each breed as well as different regions of the shell. The results of cuticle deposition, measured by the 3 methods, were analyzed using Spearman's rank correlation to paired "t" test the difference among the methods in eggs of the same breed. The results of cuticle layer thickness and cuticle opacity were analyzed by linear regression analysis. The penetration ratio of each breed, as well as different regions of the shell, was analyzed by the chi-square test. The correlation of cuticle quality and shell thickness at blunt end, equator, and sharp end were analyzed by Pearson correlation. The results of basic descriptive statistics are shown in tables using the mean and standard deviation (mean ± SD).
RESULTS
Experiment 1
The optimal wavelengths of Rhode Island Red (brown-shelled), White Leghorn (white-shelled), and Dwarf Layer (tinted-shelled) eggs were 663, 645, and 658 nm, respectively (Figure 1 ). The Spearman's correlation coefficients of the 3 methods for brown-shelled, white-shelled, and tinted-shelled eggs are shown in Table 1 . The correlation coefficient of reflectance and ΔE * ab methods was higher than 0.92 (P < 0.001) for eggs of these 3 breeds. Both the reflectance and ΔE * ab methods correlated with the opacity method that all coefficients were more than 0.89 (P < 0.001). The linear correlation of cuticle opacity and cuticle layer thickness was shown in Figure 2 . The cuticle opacity and cuticle layer thickness for the eggs of White Leghorn, Dwarf Layer, and Rhode Island Red present a good linear relationship (r 2 = 0.7439), and the linear regression equation is y = 1.824+0.1349x (P = 5.965e-8).
Experiment 2
The quality of eggshell traits and E. coli penetration ratio of the eggs from 3 hen flocks is shown in Table 2 . The E. coli penetration proportion of White Leghorn eggs (44.74%) is significantly higher than for the eggs of Hy-Line Brown (15.15%) and Dwarf Layer breeds (15.00%) (P < 0.05). The eggshell cuticle of the Dwarf layer is much thicker than for Hy-Line Brown and White Leghorn eggs (P < 0.05), whereas the eggshell thickness of Dwarf Layer eggs is only 308.74 ± 27.11 μm, which is significantly thinner than the eggshell of Hy-Line Brown (359.17 ± 22.97 μm) (P < 0.05). The eggs from White Leghorn have poor cuticle quality and thin shell thickness. The pore density of Hy-Line Brown is significantly higher than for the eggs of White Leghorn and Dwarf Layer (P < 0.05). 
Experiment 3
Eggshell Traits that Affect Bacterial Penetration. As the quality of cuticle and the eggshell thickness decreased, the number of E. coli penetrating the eggshell increased significantly (Table 3) . The cuticle quality of E. coli − group is 24.86 ± 10.72 %. However, the opacity of cuticle is only 11.74 ± 10.63 % for the group of E. coli +++ . The eggshell thickness of E. coli − group is significantly higher than the group of E. coli +++ (340.66 ± 33.53 μm vs. 314.69 ± 42.34 μm, P < 0.05). However, there was no significant difference in pore density between the contaminated and non-contaminated groups.
The Antibacterial Efficiency of Eggshell Factors. With increased eggshell thickness or cuticle deposition, the antibacterial efficiency of eggshell improved significantly (Figure 3) . If the eggshell thickness is thicker than 340 μm and the opacity of cuticle is more than 27.5% simultaneously, the eggshell antibacterial efficiency would reach 98%.
Eggshell Traits and Penetration Ratio at Different Regions. Eggshell quality varied among different regions of the eggshell (Table 4 ). The quality of cuticle The antibacterial ratio against cuticle opacity and eggshell thickness. The antibacterial efficiency of eggs would reach as high as 98% when both the eggshell is thicker than 340 μm and the cuticle opacity is more than 27.5% in blunt end and equator is significantly higher than for the sharp end (P < 0.05). The eggshell thickness at the blunt end is significant lower than that at the equator and sharp end (P < 0.05). The sharp end has the thickest eggshell thickness and the lowest pore density compared with blunt end and equator. The penetration ratio of sharp end (13.18%) is significantly higher than the region of blunt end (6.97%) and equator (4.33%) (P < 0.05). There was no significant difference in E. coli penetration ratio between the regions of blunt end and equator. The equator has the highest proportion of lightly contaminated and the lowest proportion of severely contaminated compared with blunt end and sharp end (Figure 4 ). Blunt end with the poor eggshell thickness and sharp end with poor cuticle quality showed greater E. coli penetration into the eggshell.
The correlation of cuticle and eggshell thickness shows a weak positive correlation (r 2 < 0.2, P > 0.05) and a strong positive correlation among eggshell thickness at blunt end, equator, and sharp end (r 2 = 0.8, P < 0.05) ( Figure 5 ). For the quality of cuticle, the equator is significantly correlated with the blunt and sharp end (r 2 = 0.8 and 0.7, respectively, P < 0.05), and the cuticle opacity at the sharp end is moderately correlated with the blunt end (r 2 = 0.5, P < 0.05).
DISCUSSION
The method based on opacity theory can estimate the quality of cuticle among eggshells not only for the same color but also for different colors. In the former case, the validity of the opacity method is characterized by the Spearman's rank correlation coefficient by comparison with the reported reflectance, and ΔE * ab methods (Leleu et al., 2011 , Bain et al., 2013 . The finally calculated Spearman's rank correlation coefficient was higher than 0.89 (P < 0.001), which demonstrates the effectiveness of the opacity method in cuticle quality evaluation for eggs with the same color. The cuticle opacity and cuticle layer thickness for the eggs of White Leghorn, Dwarf Layer, and Rhode Island Red has a good linear correlation, which suggests that the opacity method can be applied to measure the cuticle quality among different colored eggshells. In the latter case, the opacity of Dwarf Layer (tinted-shelled) eggs is significantly higher than for Hy-Line Brown (brownshelled) and White Leghorn (white-shelled) eggs. Besides, Dwarf Layer eggs have the lowest E. coli penetration ratio compared with the eggs of Hy-Line Brown and White Leghorn. These results agree with previous reports that thick cuticle deposition on the eggshell can effectively reduce the probability of bacteria penetration into eggs (Bain et al., 2013; Gole et al., 2014) . Therefore, it is suggested that the opacity method can + , E. coli ++ , and E. coli +++ represent 1 to 3, 4 to 10, and more than 10 E. coli luminescence spots on the inner surface of one eggshell, respectively. Compared with blunt end and equator, the sharp end has the highest E. coli penetration ratio and the largest number of luminescence spots.
accurately evaluate cuticle quality among different colored eggshells.
Our results from the E. coli penetration assay showed that cuticle and eggshell thickness are important factors affecting bacteria trans-shell penetration, and a reduction in cuticle deposition will lead to more bacteria on the inner eggshell surface (Board and Halls, 1973; Wellman-Labadie et al., 2008; Bain et al., 2013; Roberts and Chousalkar, 2013; Rodrígue-Znavarro et al., 2013) . Consequently, eggs with thin eggshells are more likely to be contaminated by bacteria. This seems to conflict with the results of De Reu et al. (2006) and Messens et al. (2005a) , who reported that eggshell thickness was not a factor influencing bacterial invasion. A possible explanation is that the eggshells of their investigated eggs were too thick (over 386 μm) for bacteria to penetrate through. The correlation between eggshell thickness and bacterial penetration cannot be ignored in our study because the eggshell has a thickness of only 359 μm at most, much thinner than that of 386 μm. In the current study, the eggshell would become an important factor that influences the bacteria trans-shell penetration. The pore density of penetrated eggshells is not significantly higher than the non-penetrated ones, which is in good accordance with the result of Messens et al. (2005b) .
In addition, the antibacterial efficiency of cuticle cover and shell thickness is quantified for the first time. Results show that the antibacterial efficiency of eggs could reach as high as 98% when both the eggshell is thicker than 340 μm and the cuticle opacity is more than 27.5%. The cuticle and eggshell thickness all have moderate heritability in brown-egg layer strains, and can be used in selection programs to enhance the eggs' natural defense against bacterial penetration (Zhang et al., 2005; Bain et al., 2013; Li et al., 2018) . Eggs with thick cuticle deposition and thick eggshell thickness can effectively defend against trans-shell penetration of bacteria. Note that the cuticle deposition and eggshell should not be too thick because thick shell and cuticle may cause reduced hatchability in breeders (ElHanoun et al., 2012) . For example, the duck usually has a thick cuticle, so in order to increase gas exchange in incubation, it is essential to thoroughly remove the cuticle from every egg in commercial duck incubation (Deeming, 2006; Boerjan, 2013) .
The eggshell traits in one eggshell also vary from blunt to sharp end. Based on our results, the blunt end of the egg has a greater abundance of pores than the other 2 regions (Kulshreshtha et al., 2018) . The eggshell thickness increases from blunt to sharp end, in agreement with previous reports of Balkan et al. (2006) and Sun et al. (2012) , while the cuticle quality at the sharp end is significantly poorer than at the blunt end and equator. The sharp end exhibits a higher degree of bacterial contamination, and the incidence of severe contamination of the sharp end is also higher than the other 2 regions. Therefore, improving the antibacterial efficiency of the sharp end of eggshell can effectively reduce the bacterial invasion rate in production.
Cuticle and eggshell thickness are 2 main factors that affect the antibacterial efficiency. Figure 5 shows that eggshell thickness is weakly positive related to the cuticle opacity, suggesting that these 2 traits can be selected independently in practice. Similar results were obtained by Li et al. (2018) . In terms of eggshell thickness, the equator, the sharp end, and the blunt end are all strongly correlated with each other, any of them can be a proper indicator for selection breeding. With regard to the cuticle, it is shown in Figure 5 that the cuticle opacity at the sharp end is moderately correlated with the blunt end. Once the cuticle opacity at the sharp end is chosen as the selection indicator in cuticle breeding, the cuticle quality at the blunt end will not be well estimated due to their weak correlation. It will be much better to select the cuticle at equator as breeding indicator because of its strong correlation with both the sharp and blunt ends. The cuticle quality of an Figure 5 . The correlation of cuticle quality and shell thickness at blunt end, equator, and sharp end. There is a weak positive correlation between cuticle and eggshell thickness. A strong positive correlation among eggshell thickness at blunt end, equator, and sharp end. As for cuticle opacity, the equator is strong correlated with the blunt and sharp end.
egg would be evaluated more accurately if the number of measured points is increased. Actually, most people measured 3 parts of the eggshell. For example, Bain et al. (2013) measured 3 points around the middle of the eggshell; Kulshreshtha et al. (2018) measured 3 points of the eggshell randomly. Therefore, without increasing the measuring area, it may be more reasonable to select eggs with low variation coefficient among blunt end, equator, and sharp end during breeding of the cuticle.
In conclusion, we proposed a method based on the calculation of opacity to estimate the quality of cuticle among different colored eggshells. Enhancing the quality of the cuticle and eggshell thickness can effectively reduce the probability of trans-shell bacterial penetration. If the opacity of cuticle is more than 27.5% and the eggshell is thicker than 340 μm, the egg antibacterial efficiency could reach 98%. No relationship was found between pore density and E. coli trans-shell penetration in this study. The eggshell traits vary from region to region on 1 eggshell. The sharp end has the poorest cuticle quality and is most likely to be contaminated by bacteria. The cuticle quality at blunt end, equator, and sharp end would be improved as well if the cuticle at the equator is selected as indicator for breeding. The results of this study will be helpful in the selection breeding of cuticle quality and eggshell thickness to improve egg quality and safety.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Figure S1 . The simulation diagram of the opacity theory. Supplemental Table S1 . The variation coefficient of the method of ΔE * ab, reflectance (%), and opacity (%) for different colored papers.
Supplemental
